Children with upper extremity burns frequently develop axillary contractures that can restrict movement. Surgical axillary contracture release is performed to restore function. The purpose of this study is to determine the long-term effects (up to 7 years) of surgical axillary contracture release on upper extremity motion during simulated activities of daily living using three-dimensional motion analysis. Motion analysis was conducted on 10 subjects (9 males and 1 female; 16 axillary contractures; mean age 10 ؎ 3 years at baseline; mean TBSA burn 40 ؎ 15%) before, 1 year after, and 2 to 7 years (mean 3 ؎ 2 years) after axillary contracture release with split-thickness skin graft surgery. Movements were analyzed during three functional tasks including high reach (reaching overhead for an object), hand to head (combing hair), and hand to back pocket (toileting). Two-tailed paired t-tests were used to compare presurgical and postsurgical scores. Surgical release of the axillary contracture increased shoulder mobility and decreased compensatory movements. Improvements were maintained at long-term follow-up. All shoulder movements with the exception of shoulder flexion during the high reach task and shoulder abduction during the hand to back task were not significantly different than normal values at long-term follow-up. Axillary contracture release surgery improves shoulder function in the short and long term. Motion analysis is a modality that may prove valuable in objectively quantifying changes in movement patterns immediately and in subsequent years after burn injury. (J Burn Care Res 2012;33:228 -234)
Children have accounted for up to 50% of all burn patients in some studies. 1 The majority of pediatric burn injuries are due to scald burns, 2 usually affecting boys below the age of 5 years. 3, 4 Deep partialthickness, full-thickness, and fourth-degree burns that injure structures deep to the skin including muscle/tendon, bone, joint, and nerve usually produce contractures. 5 Upper limb contractures are more commonly seen in children, whose pattern and causal agents of burns are different from adults. 6 The best therapy for burn wound contractures is prevention 7 ; however, contractures may still develop even with the most compliant patient. 8 Compliance is also more problematic in children because of uncomfortable and unsightly current treatment modalities for exuberant scarring. 2 The high occurrence of axillary contractures in children is partly due to frequent involvement of the trunk and upper arm in major burns. 9 There are many factors that influence the formation of axillary contractures including growth, graft loss or shrinkage, initial positioning, and inadequate therapy. 10, 11 Axillary contractures can be severely debilitating to the entire upper extremity (UE), 5 as shoulder movement impacts the ability to locate the hand in space to perform activities of daily living (ADLs). Reconstructive surgical intervention is often performed to prevent further deformities and restore functional joint mobility. 12 Previous research on outcomes of contracture release surgery has focused on improvements and restoration of shoulder abduction using goniometric measures. 6, 13, 14 Although these studies are helpful in documenting increases in this particular joint motion, few studies have reported increases in shoulder motion (flexion, abduction, and rotation) during ADLs. Previous work has reported that axillary release sur-gery improves functional shoulder mobility and decreases compensatory motions used during ADLs in the first year after contracture release. 15 However, 1 year of follow-up in children may not be sufficient, as they are subject to the development of contractures due to normal growth. Long-term follow-up is needed to see whether these improvements are maintained. The purpose of this study was to measure the long-term effects (up to 7 years) of axillary contracture release on UE motion during simulated ADLs using three-dimensional motion analysis.
METHODS

Subjects
This single-center, prospective, case series study was approved by the University of California Davis Institutional Review Board. A nonrandom sample of 10 patients (9 males and 1 female) between the ages of 5 and 14 years (10 Ϯ 3 years) who were scheduled for an axillary burn scar contracture release participated in the present investigation (Table 1) . Average percent TBSA was 40% ranging from 18 to 70%. Six patients had bilateral contractures, while 4 had unilateral contractures making a total of 16 axillae analyzed. Time between date of injury and surgery ranged from 2 to 108 months. Seven of the subjects tested had surgeries less than a year after injury.
Patients were recruited from Shriners Hospitals for Children Northern California. Patients with one or more planned UE contracture release were eligible for the study. Children were excluded if they were unable to cooperate with the study or had a preexisting neurological impairment. All subjects or parents signed informed consent, and children were tested before surgery, at 1 year, and at 2 to 7 years (mean 3 Ϯ 2 years) after contracture release. Axillary burn scars were released, and a split-thickness skin graft was placed over the resultant defect that spanned the axilla by one of two burn surgeons.
All subjects received standard postoperative wound and occupational and physical therapy care including stretching and range of motion (ROM) exercises, pressure garments, scar management, and regular clinic follow-up (four times/yr). Therapy lasted throughout the length of hospital stay of each individual subject, which ranged from 2 to 3 weeks, with one to two daily therapy sessions. Subjects wore axilla splints at all times immediately after surgery, which changed to night-time splinting once the subject had been cleared for movement, usually by postoperative day 5. Postoperative wound care included dressing changes until wounds were healed. Occupational and physical therapy included active and passive ROM, age-appropriate functional/play activities, and training in a home exercise program. Scar management included pressure garment application worn 23/24 hours daily, silicone application when appropriate, and instruction on scar massage for families to perform as a part of their home exercise program. A physical or occupational therapist monitored patient progress at all clinic follow-up visits.
Testing Procedures
Eighteen light-reflective markers were placed on bony landmarks of the arms, head, and trunk in a method previously described. 16 The biomechanical model used 10 segments, including the head, neck, shoulder girdle, upper arms, lower arms, hands, and pelvis, to calculate joint motions. UE kinematics data were recorded with an eight-camera three-dimensional motion analysis system (Motion Analysis Corporation, Santa Rosa, CA). Subjects were told to stand comfortably with arms at sides, perform the UE tasks, and return arms back to the starting position. Subjects performed tasks first with the unaffected arm followed by the affected arm. If subjects had bilateral involvement, the dominant arm was tested first followed by the nondominant arm. Three simulated ADLs were tested. These included high reach, hand to head, and hand to back pocket. High reach simulated reaching for an object overhead, hand to head simulated combing hair, and hand to back pocket simulated toileting. Kinematic measures were recorded as degrees of angular excursions with positive values representing joint motions of shoulder flexion, abduction, external rotation, and forearm pronation and negative values representing shoulder extension, adduction, internal rotation, and forearm supination.
Statistical Analysis
The points of task achievement (PTA), the point at which the task was considered complete, and the ranges of movement during each task were statistically analyzed using paired t-tests to compare presurgical with postsurgical time points and post 1-year to long-term follow-up time points. The high reach PTA was when the hand was at its maximum overhead position, the hand to head PTA was when the hand was on the top of the head, and the hand to back pocket PTA was when the hand touched the back pocket. Presurgical and postsurgical data were statistically compared with normal data 17 using independent t-tests. P values were set at Ͻ.05.
RESULTS
Surgical Results
Tables 2 to 4 display presurgical and postsurgical results with normal values of 9-to 12-year olds for the tasks tested. At 1 year postsurgery, shoulder flexion at PTA significantly increased for the high reach (P Ͻ .01) and hand to head (P ϭ .03) tasks. Shoulder extension at PTA significantly increased for the hand to back pocket task (P Ͻ .01). Shoulder abduction at PTA significantly increased for the hand to head task (P ϭ .03) while decreasing during the high reach task (P Ͻ .01). No significant differences were found for shoulder rotation.
At long-term follow-up, all shoulder PTA improvements that were seen at the 1-year follow-up were maintained. When compared with presurgical values, shoulder flexion continued to be significantly higher for the high reach (P Ͻ .01) and hand to head tasks (P Ͻ .01). Shoulder extension continued to be significantly higher than preoperative values for the hand to back pocket task (P ϭ .01). Shoulder abduction was still significantly increased for the hand to head task (P ϭ .04) and still significantly decreased (16) from high reach (P ϭ .02). When comparing post 1-year data with long-term follow-up data, the only significant differences found were continued improvement for shoulder flexion (P Ͻ .001) and shoulder internal rotation (P ϭ .04) for the hand to head task. The changes to shoulder motion altered other joint motions postoperatively. During the hand to head task, elbow flexion (P Ͻ .01) and arm supination (P ϭ .01) significantly increased. During the hand to back pocket tasks, arm supination (P ϭ .02) significantly increased. At long-term follow-up, these significant changes remained; in addition, wrist dorsiflexion (P Ͻ .01) during the hand to back pocket task was significantly higher at long-term follow-up compared with preoperative values.
There were compensatory motions at other joints that were used to assist in completing each specific task. Compensatory neck lateral flexion (P ϭ .03) and elbow flexion (P Ͻ .01) decreased significantly 1 year postoperatively during the high reach task. During the hand to head task, neck forward flexion (P ϭ .03) and rotation (P ϭ .02) significantly decreased. At the long-term follow-up, reductions in most compensatory motion changes were maintained. For the high reach task, neck lateral flexion (P Ͻ .01) significantly decreased compared with the presurgical values, and neck rotation (P ϭ .04) was significantly decreased for the hand to head task. When comparing post 1-year data with long-term follow-up data, compensatory neck forward flexion (P ϭ .03) continued to decrease for the high reach task, whereas no other significant differences were found in any of the other tasks.
Shoulder ranges of motion showed significant changes postoperatively. During the high reach task (Figure 1 ), shoulder flexion/extension (P Ͻ .01) and shoulder abduction/adduction (P ϭ .03) ranges significantly increased at both 1 year and long-term follow-up. Shoulder external/internal rotation (P ϭ .03) range increased significantly at long-term follow-up. All ranges of motion at the shoulder significantly increased at post 1 year and at long-term follow-up for the hand to head task (Figure 2 ). Shoulder abduction/adduction significantly increased between post 1 year and long-term follow-up. For the hand to back pocket task (Figure 3) , shoulder extension/flexion range significantly increased at post 1 year and long-term follow-up. Shoulder external/ internal rotation significantly increased at long-term follow-up when compared with both presurgical and post 1-year scores.
Comparison to Normal
There were many significant presurgical differences from normal in UE function at PTA during the tasks tested as displayed in Tables 2 to 4 . During the high reach task, shoulder flexion significantly increased and elbow flexion decreased after surgery at all time points; however, they continued to be significantly different than normal. All other PTA joint positions were not significantly different from normal at longterm follow-up. During the hand to head task, shoulder flexion and abduction were significantly different from normal preoperatively but were not significantly different at long-term follow-up. During the hand to back pocket task, shoulder abduction at PTA remained significantly higher than normal at long-term follow-up. All other motions were not significantly different.
Shoulder ROM was significantly different from normal before surgery as illustrated in Figures 1 to 3 . During the high reach task, shoulder flexion/extension range was significantly less than normal before and after surgery. Shoulder abduction/adduction and internal/ external rotation increased after surgery and were not significantly different from normal at both post 1 year and long-term follow-up. For the hand to head task, all shoulder ranges of motion were significantly less than normal before surgery. At 1 year postsurgery and at long-term follow-up, there were no significant differences from normal. For the hand to back pocket task, shoulder extension/flexion and shoulder external/internal rotation ranges were significantly less than normal before and 1 year after surgery; however, they were not significantly different from normal at long-term follow-up. There were no significant differences from normal found in shoulder abduction/ adduction range for this task at any time point.
DISCUSSION
Results of the present investigation agree with previous findings, 10, 15 showing that axillary contracture release improves motion at the shoulder while decreasing the amount of compensatory motions used to complete tasks. The present investigation provides an important additional finding: improvements to shoulder mobility seen 1 year postoperatively are maintained at long-term follow-up. It has been stated that postoperative contracture necessitating rerelease persists despite therapy and splinting. 5 Of the 10 subjects (16 axillas) studied, 3 (4 axillas) had to undergo additional releases during the course of the study. These subjects had rereleases of contractures the same year as their original surgeries. After these revisions, all subjects had no other axillary revision procedures as they approached long-term follow-up. This suggests that if shoulder motion after axillary contracture release surgery is stable at 1 year, the need for further intervention is unlikely.
The most significant findings of the present investigation involve improvements in shoulder flexion, shoulder extension, and shoulder abduction. At the long-term follow-up, PTA values for shoulder flexion increased 56% for the high reach task, 38% for the hand to head task, and shoulder extension increased 15% for the hand to back task compared with presurgical values. Shoulder abduction PTA values increased 31% for the hand to head task, while decreasing to within normal ranges for the high reach task. Similar to previous findings, 10, 15 shoulder abduction at PTA for the hand to back pocket task remained significantly higher at long-term follow-up compared with normal, but this could be a compensatory mechanism due to restricted shoulder extension. At longterm follow-up, shoulder flexion/extension ranges increased 43% for the high reach task, 28% for the hand to head task, and 36% for the hand to back task. Shoulder abduction/adduction ranges increased 37% for the high reach task and 89% for the hand to head task. These changes, with the exception of high reach, were not significantly different from normal values suggesting that joint positions at PTA and shoulder flexion/extension and abduction/adduction ranges became normalized. The remaining lack of shoulder flexion during the high reach task may be due to anatomical limitations caused by the burn damages that cannot be resolved with grafts.
There were not many changes in shoulder rotation in the present investigation. This could be due to the absence of tasks that primarily tested internal/external rotation. During all tasks tested in the present investigation, presurgical rotation scores at PTA were not significantly different than normal, suggesting that there were no apparent problems with shoulder rotation.
The functionality of the upper limb is dependent on adequate movement at all joints from axilla to the finger tips, 6 and adequate shoulder motion is required to strategically position the hand to facilitate its functions. 9 Because axillary motion was compromised, there were compensatory motions of other joints, which included elbow flexion during high reach and extra neck motions during the hand to head task. These compensatory motions decreased after surgery, which is similar to previous findings. 15 At long-term follow-up, these motions, with the exception of elbow flexion, were not significantly different from normal values, suggesting there was no longer a need for extra movements to complete tasks. Elbow flexion in high reach remained significantly higher than normal at long-term follow-up, possibly due to elbow flexion contractures or as a compensatory movement to place the hand higher in space when shoulder flexion remained compromised. For the hand to head task, the increase of shoulder flexion allowed for more elbow flexion and arm supination to touch the head. For the hand to back pocket tasks, the increase in shoulder extension allowed for increased elbow flexion, arm supination, and wrist dorsiflexion.
This study had limitations. Although this study suggests that further axillary contracture release is not needed 1 year after surgery, it is underpowered to conclusively state that follow-up is not needed after that juncture. A larger sample size in a prospective study would allow for a more robust longitudinal statistical analysis of the results. Subject data in the present investigation were compared with normal data of 9-to 12-year olds due to the mean age of the subjects falling within this age group. There was a small difference in the sample sizes between the two analyses (pre vs post 1 year, and post 1 year vs long term) due to missing data. One patient had an axillary release before joining this study, which could have altered results.
In conclusion, this investigation suggests that improvements in shoulder motion after contracture release surgery are maintained at long-term follow-up. Shoulder motion is important to allow placement of the hand to compete the simulated ADLs tested. Three-dimensional motion analysis is successful at objectively quantifying individual changes of movement patterns before and after surgical treatment.
